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Fig. 1. Structural formulas for saturates, -3 and -6 fatty acids.
Abbreviations: AA, arachidonic acid (all-cis-9, 12, 15-octade-
catrienoic acid); EPA, (all-cis-5, 8, 11, 14, 17-eicosapentaenoic acid);
and DHA, (all-cis-4, 7, 10, 13, 16, 19-docosahexaenoic acid).
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Table 1. Production of EPA/DHA by fungi and algae

Source % of total fatty acid:
Division/Class Species EPA DHA
Hungi
Oomycota Thraustochytrium aureum 6 34
Algae
Rhodophyceae Batrachospermum sp. 52 -
Corallina officinails 52 -
Gloiopeltis furcata 47 -~
Gracilaria. gigas 38 -
Laurencia pinnatifida 35 -
Odonthalia dentatya 38 -
Porphyra yezoensis 52 ~
Porphyridium cruentum 36 —
Dinophyceae Amphidinium carteri 20 24
Gonyaulax polyedra 14 23
Peridinium triquentum 2 19
Bacillariophyceae Bidulphia anrita 26 -
Nitzsyhia angularis 21 -
Phaeodactylum tricornutum 25 -
Phaeophyceae Ectocarpus confervoides - 24
Hizikia fusiformis — 12
Sargassum hornerii - 17
Undaria pinnatifida - 12
Xanthophyceae Monodus subterneus 31 -
Tribonema aequale 29 -
Haptophyceae Hymenomonas carterae Plymouth 156 9 16
Pavlova lutheri 19 7
Chrysophyceae Isochrysis galbana Plymouthl 3 11
Eustigmatophyceae Nannochloropsis oculata 45 -
Chlorophyceae Dunaliella tertiolecta 10 -
Cladophora albida 12 -

Adapted from Araki & Kayama [81].
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Fig. 2. Pathways of polyunsaturated fatty acids synthesis in
microorganisms. Figure adapted from Watanabe et al. (14).
Abbreviations: ACP, acyl carrier protein; CoA, coenzyme A; 16:0,
palmitic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic
acid; 18:3, linolenic acid; 20:4, arachidonic acid; 20:5, eicosa-
pentaenoic acid; and 22:6, docosahexaenoic acid.
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IN NATURE IN MAMMAL
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Fig. 3. Metabolic pathways of omega-3 and omega-6 faity acids and oxidative metabolism of arachidonic acid and EPA in mammal.
Abbreviations: EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; 5-HPETE, 5-hydroperoxyeicosatetraenoic acid; and 5-HPEPE,
5-hydroxyeicosapentaenoic acid. Figure adapted from Simpoulos {1] and Bajpai and Bajpai [7].
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Table 2. Effects of w-3 fatty acids on factors involved in the pathophysiology of atherosclerosis and inflammation

Effect of -3 fatty acid:

Factor Function -

increase decrease
A-achidonic acid Eicosanoid precursor; aggregates platelets; stimulates white blood cells 4
Thromboxane A, Platelet aggregation; vasoconstriction; increase of intracellular Ca*™ 4
Prostacyclin (PGL,z) Prevents platelet aggregation; vasodilation; increase cAMP Y

Leukotriene (LTB,) Neutrophil chemoattraction; vasodilation; increase of intracellular Ca™ v
Platelet activating factor (PAF)  Activates platelets white blood cells v
Qxtygen free radicals Cellular damage; enhance LDL uptake via scavenger pathway; 4

stimulate arachidonic acid metabolism
Linid hydroperoxides Stimulate eicosanoid formation 4

Interleukin 1 and tumor
necrosis factor

Stimulate neutrophil O, free radical formation; stimulate lymphocyte 4
proliferation; stimulate PAF; express intercellular adhesion molecule-1

on endothelial cells; inhibit plasminogen activator-thus procoagulants

Endothelial-derived relaxation
7actor (EDRF)
VI.DL

Related to LDL and HDL level

Reduces arterial vasoconstrictor response \Y

HIDL Decreases the risk for coronary heart disease vV

X(niapted from Simopoulos [1].
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Table 3. Total lipid and phospholipid fatty acid levels (mole %) in control and tumor brain tissue samples’

total lipid® (%)

Total phospholipid® (%)

Fatty acid
Control (n=3) Tumor (n=13) Control (n=3) Tumor (n=13)
Linoleic acid (0-6) 0.9+0.0 43+23 0.8+00 34421
Arachidonic acid (w-6) 9.8+1.5 9.0+3.2 95+1.3 10.81+2.3
EPA (®-3) 0.1+0.1 0.2+03 ND* 0.1+0.1
DHA (®-3) 9.2£1.0 48429 9.6+0.8 4.6+2.1

*Each value is the mean+SD.

*The values do not add up to 100% because only the most prevalent and relating fatty acids are listed.

“ND=not detectable.
Table adapted from Martin et al. [52].

< o3 AMMEE dake g A AT, o8 7] £33 o
EFo) oAE = Egol A5 27 Fig. 34 &
T 9)Z5o], EPA¢} DHA¥ cyclo-oxygenase2} lipoxygenase o
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A e A, AAzAAR] 4% A28 f=2 A 5
) 7155 viehil7] o2 A2 Sd 48]
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oFgkztel AAlelollA, AAYL EPAE HE zo)7} gloiont
linoleic acidi= ZFEA}e] S A Eoll4] R e ofo] &5
et 06 AAREEe] & AR AF IR, AANES F
)%= free radical WA 2.2 lipid peroxidation A} 25 2lks}
1= kA 8ol F2EA 9long, o3 Ak SAlER A
H 13A7)E, 1 A B A S 45 UuxdeHs2)

I 9oz e BFAupile dsle] 2 v FujEg
o) o] izt AAF R, MAFE Y A A
ab vld AFEA] e ARRE BIEE Al FRA gzt
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) R Adigel Ayl glelxe AR o3t
ol oflul = W E AL 7P g AR B s 3 QJeHS3).

EPA 3! DHA MMZIZFo| HjQF &
O MMXA

Al o549 EPA ¥ DHA= A4l 71§o25 8 Ailst
of ol&sty glont, Al 712N 4il¥ EPA v
DHAE 2 3A7h 34 ehon] =3 A<l Aitx 71871
olel-¢u2 vQE, § 5, 53], Ald T2 FEe At
o AmEof sict. v AZell4 &7} 22 EPA9L DHAE A
4ha7] Asfix e 2 TATES dojob 3§ Al AAH
off sk A #ERE Fojok dt. vl ES A5 AR
HYzZF At A HH 2] FUsA| odos ASH
7B E7, & &%, 4, pH 2 CO, ¥% Fo] A=EEAW4t

o} Ratekel] Z3stAl G EE vIA L ALE dA Halot

29| Hg

IEBEIAPALS] AAbERE Aol F7)sle, EPA2)
FAo] & x4 Friske AR uhEol, @5, 27
oA dubd ez fAANC}. A AdE 29, wikt
Yazawa 1E[54]& o] 5 Alito] 4°Cell4] & Aukake] 40%7
A EPAEZ AARItlw ¥ wslgry. d-F Mortierella alpina
[551= 12-15°CellA, Phaeodactylum tricornutum{5619] 73$~=
21.5°CellA] wfekA] EPAS] Feko) 7H4 #=9itl. Chlorella
minutissima®] BofA] 2] &f A7k EPAZ} S-S, o]
Z|ukil LA A 2 oljA] desaturations} chain elongationel] Tef
she EagAde] Aol wif- Eslr] w-Zo|Hrh57). 3=
Ex3Aute] osk AARS 97 AL wiekS FAY B
AAET T2 Wn]-g uFoll Ao 2= {83 el
oljelx o] AxIc}. Bajpai & Bajpai[7]i= Mortierella ¥} SFA],
vlof2xe] M3} 3 glucosed T8l FoE2H o A7t
o] ¥& EPATERS A FALE &8l whie] 7 A
Z o]}t ar Akt

Ho] Hgt

=Z% Chlorella minutissima[57)%} Z3% Porphyridium
cruentum[58]&- 733t Wl 4] v Al EPAS| Alxf| SHo] &
A= g o}, F2F Cyclotella menaghiniana®} Nitzschia clos-
terium{59], -+ 25 Euglena gracilis(60] S+ 32 4
A717F EPAS] A4t Al 455 9 FUo o
9] B4 xReAE Yol A9=HAE o, o6 A4t 3§
AL Z21= 9 o), o3 294 & EPAE §H4d0] AslH ot
[61). 29 A, & ST FE FUr2ie] AA Aol Fs
u|x|A| Eo] =F8 Enteromorpha intestinalisol| X W] 3go),
Sargarsam salicifoliumol| 1= 2 A 33o] |8 A 3A 0|9 r}{62].

pHO| H&
Tt 2Fol41E EPA7} pH 6.0-7.65014 714 wol At
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o

60 qE= -

=9 2w [56, 63), Thraustochytrium aureum-2- wW|okz7| pH7}
647 DHA Aitekol Zoigch64). 272l Isochrysis
galbana®} 739 vljofx7] pHE 8= 319-2 o 7AW EPA
9} DHA JAk=Fe] Ftie)g]x wjakz7] pHIY 1 o)A Z718
FE 1 ko] ka3l rH65].

CO, ¥ aeration®] Y&

COy} A A 2 =B Z R[] kel Faks 1)
A[66]. Isochrysis galbana®l 73-%-, CO, F% 0.03-1%clA]
A AAEe] 7P ¥t CO, 27 SUIESrE 1 A
Ao Fopz o, M2 FA|4M4E, EPA 2 DHA 59 &3
=3 Zraslgei6s]. vIAES nE RIS AjHA
A Z desaturation WHS-olX ALAE FQ 7 3ln], o] AL
e Auite] Bx3te g ZAAshs Qdle] Hci6l]. Eu-
glena gracilis’= @72 A o)A vieksln F3}A|ubite] 314
o] F-=X=t}[67]. Isochrysis galbana ¥loFA] air/CO, E3171A)|
9] FFo] Bow HE 7 Tt ZVBIAT FA W F
A|H}4t, EPAS} DHA 59 3k 7hadhe Aol sl
o]} o] T2 FV|FHES TANA 87 4aE S8
3] FFHAE ] A2 TEE FUSAIIAN & A4 E
Sl olgh Auke] kst Exlkge] e g IR E¥ 3}
Aihe E3HE FA AR e Ghaste AR 83
AcH71

D ETSX|EA Wetd REXle S2Y

EPAL} DHAZ tjko e Ajatelr] slsted, 1 Ao
SuE 298 A} Ho] gk B2 289k o] Lol
& 58] AEHo] AW, v ohEr] S AT
23 $AAEE 2elsl] Hajel Mo Alale) SFE
PAEE] WAl HABHE AFES ddo2 sof EPALY
DHA®| AAbs#o] SHalsle] gheh(Table 4). 22iut, o] 59

Table 4. Production of EPA/DHA by marine bacteria isolated
from sea fish

EES

Production of’

Strain Reference
EPA DHA
Shewanella frigidimarina + ~ 5
Shewanella gelidimarina + - 5
Shewanella benthica + ~ 5
Shewanella hanedai + - 5
Shewanella putrefaciens + - 68
Vibrio sp. (T3615) + + 81
Unidentified (SCRC-21406) + + 82
Unidentified (SCRC-8132) + - 83
Unidentified (SCRC-2738) + 14

“+, present; —, absent.

AENY

20D - s
SauBA)l  Xhol Ascl  SnaBl Spht Spet Nhel Spel Sau3Al
E—— (3 (1 I -
> > —> > >
offt oz o3 orféof5 o8 o7 os  EPA
ORF1-8/BSI +
pEPA-dt | +
pEPA-d2 TSNS -
PEPA-d5,6 L ]
pEPA-d7? " "]
PEPA-d8 L "]

Fig. 4. EPA productivity of deletion mutants of pEPA. The
pEPA contains a 38 kb genome DNA fragment from SCRC-2738
in the 8.8 kb cosmid pWE1S. Figure adapted from Yazawa (68).

AR e AR AR slen® o 3717
Ags] & Holojx 22 Aol fA AT X3kl
1}, 199614l =r]o] AE.e] Sagami #&td-FANE]| 2] Yazawa
2F[68)) o3t sd=Egict. 15 EPA Akl
Shewanella putrefaciens SCRC-27382] genomic DNA library
2 A|=2Vs}e] Escherichia coli 390¢) =9]3F 3=, AJAI %] =|upAat
2 Thin Layer Chromatography @ Gas Chromatography -3
o2 golsle] 222 EPA AFAA FARTE F2931A
Hglet

FAARAA 2 HE] QoFl Fepan|=F )7 vl 8.8kbo)
wglol] 38kbe] GAA wie] ARRIE FEeo| 3FEgch
Fig. 49 FA13}¢50), ¥4 A3} 8719 open reading frame
(ORF)2.2 FAH cluster 78] ORF1-& EPA 3 o] Thed 3}
A 22 7FsAe] ¥9kew, ORF2, ORFS, ORF6, ORF7,
ORF8 5| A= S doll= EPAZ} AEHA] &odct. A
ORF 71d] ORF3:= thAbe] 3-oxoacyl-ACP synthase$}
26.9%2] opv]icAl vl frALEE vrehiolen, tiAbT Y
malonyl CoA-ACP transacylase$} % o}v] Al wld A %=~}
29.1% o|gitl. ORF4E= Saccharopolyspora erythraea?] 3-ox-
oacyl reductase2} 30.5%, ORF6+= H 2] &9 3-oxoacyl-
ACP synthase2} 29.1% = A7) 3-hydroxy decanoyl-ACP
dehydratase®} 31.0%2) §-A158 742t Jeliigic). o]& ORF
o] A7 opA mFviFel, olF FAAe Wi
cyanobacteriaol| 4] =38 =] 21c}H9].

A|20iM EPA ¥ DHA Mit Ofsd

A S0|MQ XA AEH

A BAEe] AR plastide} AEA)A] A Ech(Fig.
5). Plastidof] 2]} A|ubat AFA L FEMEL A EAA
dofih= type 1 Al2aglahs 2] Aldelr e Zo] type 1T A|
2H S E35le] acteyl-CoAZYE] C16:0-, C18:0- 2 C18:1-
ACPE AgHAsle] AlxA R o] F Al 7N, A EAA = desa-
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Fig. 5. Schematic outline of the biosynthesis of storage lipids.
De novo fatty acid biosynthesis from aceiyl-CoA occurs ex-
clusively in the plastid. Products of de novo fatty acid biosyn-
thesis are exported into the cytoplasm where they can be further
modified. ACCase, acetyl-CoA carboxlyase; ACP, acyl carrier
protein; KAS, B-ketoacyl-ACP synthase; TE, acyl-ACP thioest-
erase; ACS, acyl-CoA synthetase; CoA, coenzyme A; Elong,
elongase; A9DES, A9-stearoyl-ACP desaturase; A12DES, A12-
oleate desaturase; A15DES, Al5-linolate desaturase; PC, phos-
phatidylcholine; DAGAT, diacylglycerol acyltransferase; G3P,
glycerol-3-phosphate; G3PAT, G3P acyltransferase; GPDH, G
3P dehydrogenase; LAPPT, lysophosphatidic acid acyltransfer-
1se; PAP, phosphatidic acid phosphatase; A-CoA, acetyl CoA;
M-CoA, malonyl CoA; M-ACP, malonyl-ACP, E-CoA; erucoyl
CoA; TAG, triacylglycerol.

turation, elongation @ hydroxylation ¥hg-of] 23} clofal &
CEREEE)

A2 FAde] A2 el acetate plastid HE
2155 T acetyl-CoAR A&Ee] C, whgje] FTFUo] =t
o= vlR acetyl-CoA:ACP transacylaseol] 2]3}¢ acetyl-ACP
i AFEAY acetyl-CoA carboxylase(ACCase)l] 2]35}<]
roalonyl-CoA2] el & 3= 77, malonyl-CoA+= t}A] malonyl-
CoA:ACP transacylase?] 2H4-° % malonyl-ACPE #3hElct,
Al 484 P-ketoacyl-ACP  synthase(KAS)o] 2]8led acetyl-
(A2} malonyl-ACP9] &§HE(KAS 1) -2 acetyl-ACP2}
malonyl-ACPS} &85 A&l APubg(KAS 1) W C16:0-ACP
2] C18:0-ACP2e] AFMML(KAS M) <deoldr}h of7]4]
KAS 17} Ief] &8t A4t AlE53Pike-oll = malonyl-CoA R
2B G &7} ArkE ojelc} o]oja] B-ketoacyl-ACP reduct-
ase(B-KR), B-hydroxyacyl dehydrase(B-HD) % enoyl-ACP
recuctase(EARY} 313 02 #egiciy delx qle}. Ci8:0-
ACPE plastidifjol] £4)) 8= A9-stearoyl-ACP desaturase(AIDES)
o] 2}-g-& who} C18:1-ACPE %50 2]H, C16:0-ACP, C18:0-
ACP, C18:1-ACP 5-& acyl-ACP thioesterases(TE)2] 245
uhe}l §-2) 2] ukake] =9 plastidol] Ex)5Hs acyl-CoA syn-

thetase(ACS)el] 2]5}o] plastide}-g& Ex}ste] Az 2 o]%H
o} Acyl-CoA¥ e 2 A ZA 2 o] FF AukE A F 717
el &, unsaturated fatty acid®} very long chain fatty acids
(VLCFAS)Z. 135 121chFig. 5).

=, unsaturated fatty acid= YUk o8 x|ukAl §haf 2l &
AL Ao TR, 2AXS, ASA7] 5ol wet & el e
Bolzdl, 53] EXSRMEY 2L A& ule} tlefaA
vebat}[70). ExF]E-ofx]9] desaturation ¥H3-&-, plastid 2
Hel fFellZE oleoyl-CoA(C18:1)7} Al2-oleate desaturase
(A12DES)el] 2]3}o] C18:2-phosphatidylcholine(PC)2_2., o7
& t}A] AlS-inolate desaturaseo]] (A1SDES)Q|s] C18:3-
phosphatidylcholine(PC)2- 2 A3t r}{69]. AR E3pA
A 2 BZSAMMAES acyl poold S £ FFHL
acyltransferase[71]el] 2]&}o] triacylglycerols(TAGsy} "HE<]
Az ol xupe] AAFEAQ oil bodyel] AR IzIch.
Oil body+ phospholipid 5+2%3} oleosin ¥4 2 FAIH =
oetfioll TAGs7F =2 AAH Felolw FA/t ZAxs+=
Z7dME TAGs7} A&Ho2 A HH2 FARHEE
3kcl{72, 73].

VLCFAs®] Q743 I wias 2070 ol what
(VLCFAs)e] AJ§tAloll Thedsh= PB-ketoacyl-CoA elongase(p-
ketoacyl-CoA synthase}f- =} FAE1°] T-DNA taggingt}H o
2 of7|Atl(Arabidopsis thaliana)d|x] E-B]=o][74] =L A
o] =1 2[75], jojobacl = 2 fAHAZ} E=l = A cH76].
Plastid -f-2}}2] C18:1-CoA= FAEld] £]3}ed erucoyl(C22:1)-
CoA=R Apupatrlgo] AR ol AFAAHE plastidel]
Al e} Zo) At A Aol HoslE ohE AA4E B-ketoa-
cyl-CoA reductase, B-hydroxyacyl-CoA dehydrase, enoyl-CoA
reductase So| =x&-& oJu|gkc}. Plastide} 2] A X2 oA
o] At Al gdel] Fodshes AAE-S acyl-CoA 3e]e] #|
WS 7142 {iv}h. VLCFAsE W32 AEEe] Algls
wax g P Ao RN B R4 A B A
A= Fir=le] doka el QAR H76], EE3h=s} I o
F-32-8] M EFoA] vl g Eagic).

A|E0AM2] EPASL DHA MM JisH

HZ TGRS S8 AEY A 1 2 2L W
A7)} S A7 BEE] A= 9len[77, 78], o]
v] 4= F5-2] 324 35)2] B(transgenic plants) 23] &3 -
A7k AQEE DA 74 o Z3ich A FolAe FEIA
AHe- F2 oleic acid, linoleic acid(LA), linolenic acid $-o}wd,
o] Z linolenic acidt= WH-% a8 (ALA)| Y}, Eo]E(Even-
ing primose) ZAtll A= v (GLA)) w3 o] Qlok. 1
v, -3 A|HHike] ok 3ol EPA 2 DHAYL A&l &4
Prhe Bas of7bA] glok. whek u)Al el EPA -2
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62 EEE

DHA A A3 FAAES Felste] A EAlefx A2
5 chd ol & B39 diapale] 7 Aow oAbEct
EPAL} DHAS] A3 74 2ol At &gt d77) gl AA
o|x|ut, #2e) AFAANEL AR HEAAY o3 A
WAt ik 7bsAde) eS¢ slch &, Cohen 2E{79,
80} microalgae’l Porphyridium cruentum®) EPAXI3HA] 71 =4
A7FAsEN e RE A 2 AP Eole] EPARNALE o
69} ©-3 725 F3lo] AFA C18:2-phosphatidylcholine(PC)
2 HE} desaturation?} elongation ¥--3-2] HiE-o) 2l EPAY}
ALty Barstelct. whets AEeA EPA 52 DHA
9] AARS 93jA]E C18:2-PCEHRE] EPAL} DHAS) ol
ARl 423 5459 B4 7S 2 fFHAES e ¥
g7 acyl-CoA9) elongase Y elongation W&l §4E,
desaturases, EPA/DHA-specific acyltransferases S-ol] tjj3l o
7} AdejE|ejof & Ziolct HZ o8] Fof s|gu N ED} 2F
o|A] EPAS} DHAS] t}ekAke- 93t vilof2Ad, E48A o
7 9 B2 FAAES elrh SUsle] AlEolAe] DHA 2
EPA®] A4} 7154 ¥0453 et

A Eo)|x] DHAY EPAS} 28 -3 A|WMARe- AAle7) 94
Al A FAALE AR AE L gl AT, &, 53, 9
A, FA, sutetr], 3, B4 S0l 1 AE7EE 4 sl
[70), =38t ¥R 252 ¥ (Oryza sativa)?»] A4 1 BARE
 BA(rice bran)F A3l §A1E A& & & Aok
Rice bran oil- palmitic acid(C16:0) 16.2%, stearic acid(C18:0)
1.8%, oleic acid(C18:1) 41.4%, linoleic acid(C18:2) 37.5%,
linolenic acid(C18:3) 1.6% %2 ¥43txn 9lo], EPAE-S
DHA A§A] zed °7<4x]~?— ZAEolH o2 Tl rice
bran oil 2 3-E] EPA 3-2- DHA2Q] A4le] 715& Ao g 7+
c}{77, 78]

EPA Z-& DHA9| Al Eox 8] ks o|l2A oz Adrts
A SR A2 2 ke Pk obd A2 el
SR EsA A AR 1, A, 55, Aol 2
B 89l 49 Bol e nek HEE SEGTA 42
SJojo} ¢ Aslc
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